In the rock cutting process, conical pick wear is often encountered. In order to restrain this condition, a saw blades and conical pick combined cutting method was put forward. Saw blades were employed to slit the rock for increasing the free surface, and then the conical pick was used to break the rock. To research the cutting performance of the new cutting method, the corresponding experimental device and a three-dimensional finite element model are established. In order to obtain crack propagation and fragment separation and to study the fracture process of the rock plate, a damage constative model and failure mechanism were combined in the numerical model. e mechanical tests were carried out to achieve the mechanical parameters of the rock. To investigate different parameters affecting rock plate cutting performance, experiments with different compressive strengths, physical parameters, and cutting depths were carried out. Moreover, the confining pressures affecting the cutting performance were adopted to simulate deep mining conditions. e experimental results demonstrated that the peak cutting force shows the exponential positive correlation with compressive strength, thickness of the rock plate, and cutting depth of the conical pick, and exhibits the exponential positive correlation with rock plate height and width. Besides, the numerical simulation results show that peak cutting force and confining pressure have a binomial relationship.
Introduction
Roadheader is the common equipment in coal mining. In order to improve its hard rock cutting performance and to apply in different engineering requirements, previous scholars have obtained a lot of scientific laws through experimental, numerical simulation, and theoretical research studies. New rock cutting methods and rock breaking mechanisms are very important for predicting rock cutting force and reducing conical pick wear.
Several methods have been applied to rock cutting, such as rock cutting by cutting tools [1] , rock cutting assisted by high-pressure water jets [2] , rock breaking by thermal energy [3] , and rock breaking by microwave irradiation [4] . Combined with the engineering practical application, rock cutting using a mechanical tool was the most used, productive, and reliable cutting method when compared with others. e classic theoretical models for predicting rock cutting forces with conical picks were proposed by Evans [5, 6] . e optimized models which considered the friction angle of the rock were proposed by Roxborough and Liu [7] and Goktan [8] . ese theoretical models had a great significance in guiding conical pick design. Many experiments have been carried out to research the relationships between different parameters in the process of the conical pick and rock interaction. Balci and Bilgin [9] carried out the experimental and statistical analyses to research the relationship of specific energy between full-scale and smallscale rock cutting tests. e linear cutting experiments were performed to investigate specific energy and cutting force influenced by line spacing and cutting depth [10, 11] . Niu et al. [12] researched the relationship between cutting force and morphology of fragments by an experimental approach. By comparison between numerical simulation and experiment, a cutting force modeling method was proposed, and the dynamic cutting force and wear of cutter can be obtained [13, 14] . It is worthy to note that numerical simulation is also an effective method to study rock fragmentation. For specific conditions, the numerical simulation method has advantages of faster calculation speed, detailed results, and lower cost compared to experimental and theoretical methods. Huang [15] et al. employed the three-dimensional finite element method (3D FEM) to establish an interaction model between the conical pick and rock under deep mining conditions. By the comparison between experimental, numerical, and theoretical results, the theoretical model was modified considering confining pressure. Li et al. [16, 17] and Zhu et al. [18] also used the 3D FEM to research the cutting performance of the conical pick, but the mechanism of rock fragmentation has not been mentioned. Park et al. [19] used 3D FEM to study the structural stability and wear of the point attack pick in the rock cutting process. Lu et al. [20] employed ANSYS/LS-DYNA to research the cutting force and fracture morphology in the rock plate cutting process; the cutting position and cutting angle influencing cutting performance were investigated, and the relationship between cutting force and the rock fracture process was given.
e satisfactory crack propagation and rock chip separation during rock cutting can be obtained by the twodimensional finite element method (FEM 2D) [21] [22] [23] , but the cutting force is not close to reality because the rock cutting process is three dimensional. e three-dimensional discrete element method (3D DEM) was employed to study varieties of cutting force processes. It demonstrated that numerical results have a strong relevance with theoretical and experimental results [24, 25] . However, crack propagation and chip separation were not obviously. Meanwhile, two-dimensional discrete element method (DEM 2D) method is also poor in simulating chip separation [26, 27] , although cracks can be obtained. Stavropoulou [28] and Innauratoetal et al. [29] employed finite difference method (FDM) to investigate the chip formation in the rock and cutting tool interaction process and the satisfactory results were achieved. erefore, the 3D simulation method is mainly employed to research cutting force, while the 2D simulation method focuses on the research of crushing mechanism.
Although considerable research studies have been carried out in recent years, there is lack of new rock cutting methods proposed for hard rock cutting. Meanwhile, few studies have been done to simulate the mechanism of crack generation and fragment separation by employing the threedimensional finite element method. In order to improve the cutting ability of the hard rock, the saw blade-conical pick compound rock cutting method was proposed. A 3D FEM which combines damage material and penetration failure is employed to study the fracture process and mechanism of rock. Based on the new rock cutting method, the work of the paper is mainly carried out on the basics of rock plate formation. In this paper, numerical and experimental studies on rock plate cutting were carried out.
Methods

Proposal of New Cutting
Method. For a traditional roadheader, increasing the cutting power is an effective approach to improve cutting ability, but at the same time, the wear of the pick will increase [30] . Conical pick edge damage and tip separated of roadheader in the traditional roadway excavation are presented in Figures 1(a) and 1(b), respectively.
In order to overcome this problem, the new cutting method of hard rock cutting must be put forward. In stone industry, a diamond saw blade is an effective tool for rock processing, so it can be combined with the conical pick to break hard rock. Diamond saw blades are employed to cut the base rock to obtain rock plates, as illustrated in Figure 2 (a). Due to lack of support, strength of rock plates reduced obviously. However, the rock plate obtained by rock slitting is a rectangular chamfer. In the latter study, the chamfer was ignored and the rock plate was regarded rectangular to be convenient for simulation and experiment. In the basics of rock plates formed, rock plates were cut by conical picks, as illustrated in Figure 2 (b). Based on the free surface increased cutting method, the roadheader has been manufactured, as shown in Figure 3 .
Experiment.
e rock plate cutting test bed, as shown in Figure 4 , includes the hydraulic power system, rock cutting components, and signal acquisition system. e rock cutting components are mainly composed of rock plate fix components, sliding guides, and conical picks. e test signal acquisition system consists of a static torque sensor, a transmitter, a signal acquisition device, and a computer. During the rock plate cutting experiment, the voltage signal of the static torque sensor is obtained. e measuring range of the static torque sensor is 0∼+3000 N·M. e maximum sampling frequency of the test signal acquisition system is 1000 kHz, and 10 kHz was employed during the experiment. e computer and corresponding software can display, analyze, and process the obtained data.
Rock mechanics parameters are the basis of numerical simulation and experiment. From previous studies, Brazilian tensile strength (BTS) and uniaxial compressive strength (UCS) are the critical parameters influencing cutting performance. Meanwhile, density (D) and elasticity modulus (G) are very important for numerical simulation. e main mechanical properties including BTS, UCS, D, and G of rock materials are summarized in Table 1 .
Numerical Model.
By comparing and analyzing the advantages and disadvantages of each software, the 3D FEM was employed for modeling the interaction model between the conical pick and rock, as illustrated in Figure 5 . In the model, the fixed rock was cut by a moving conical pick. e selection of the rock constitutive model has a significant influence on numerical simulation. e rock model chosen for investigation must satisfy the requirements: (a) the main properties of rock material must can be set, (b) the rock model needs to satisfied the visualization of crack generation and fragments separation in the rock cutting process, (c) the visualization of cutting process is owned to element deletion caused by tensile or shear failure of rock elements, therefore, the elements of rock model must can be endowed with failure, and (d) at the contact position between the conical pick and the rock plate, some rock elements will generated compression damage failure, thus, the rock model must contain constitutive damage model. e JOHNSON_HOLMQUIST_CONCRETE (JHC) model mentioned in [31] can satisfy the above requirements. In this paper, rock was assigned by the damage constitutive model JHC [31] , which included the compressive damage model and failure. Because tensile and shear failure are not included in the material model, it is necessary to combine penetration failure to simulate rock fracture successfully; therefore, erosion was added in the constitutive model. e rock plate has many important physical parameters, especially the width, thickness, and height, which were denoted by l x , l y , and l z , as illustrated in Figure 5 (a). e P in Figure 5 (b) denotes external confining pressure to research external stress influencing cutting performance. To protect the rock fracture characteristic from influence of stress wave, nonreflecting boundary condition was applied on all surfaces of the base rock. To define the base rock is infinite, the symmetric border constraints were added to each surface of the base rock.
Results, Analysis, and Discussion
Rock Cutting Process.
With the conical pick movement, cutting force was generated between the conical pick and the rock plate. e bending moment and internal force are produced by bending of the rock plate, which leads to cracks on the surface and inside the rock plate, resulting in rock e cutting process of sandstone-1 with a width of 500 mm, height of 200 mm, and thickness of 20 mm is shown in Figure 6 . In the initial crushing stage, there was small amount of rock elements failure near the rock cutting position, as shown in Figure 6 (a). e contact area between the rock and conical pick at this stage is very small, resulting in rock elements generating larger deformation and bearing higher compressive stress. Furthermore, rock elements fail due to compressive damage. When the failure elements were removed from the rock plate, the contact area between the conical pick and rock increased, resulting in higher cutting force generated. With the increasing cutting force, deformation of the rock plate increased and tensile stress increased, and then a main crack was generated from rock cutting position, as illustrated in Figure 6 (b). Under the action of bending moment, cracks occurred at the intersection of fixed boundary and free boundary, as illustrated in Figure 6 (c). Afterward, more cracks generated from the main crack irregularly with increasing cutting distance, as expressed in Figure 6 Figure 7 ; with contact between the rock and conical pick, the cutting force increased and reached a maximum of 1.86 kN and then decreased to zero rapidly. In the latter part of the paper, the reliability of numerical peak cutting and fracture morphology will be verified by the experimental method.
UCS of Rock Influencing Cutting Performance.
To study the influence of UCS on rock plate fracture, experiments were carried out with four different rocks such as marble, granite, sandstone-1, and sandstone-2, as presented in Figure 8 . e rock plate had a thickness of 20 mm, height of 200 mm, and width of 500 mm, respectively. It is obvious that rock plates were cut to fragments under the action of the conical pick, and the size of fragments increased when compared with the traditional rock cutting method. According to Figure 8 , there are two main morphological cracks obtained in rock plate cutting result. One is the radial cracks which extended outward from the cutting position as shown with the blue lines in Figure 8 , and the other is close to the circular arc as shown with the red line in Figure 8 . at is due to the brittle fracture caused by tensile strength which generated on the back of the cutting position. By the cutting results of marble, it is not difficult to find that only partial breakage occurs for rock with Mathematical Problems in Engineering lower strength, as shown in Figure 8 (c). rough comparison, the fracture morphology of sandstone-1 obtained by experiment, as shown in Figure 8(b) , is basically the same as that obtained by numerical simulation, as shown in Figure 6 (f). erefore, the numerical simulation method is reliable to study rock fracture morphology. e variation of cutting force during rock cutting experiments for the different mechanical properties of rocks is illustrated in Figure 9 . Because the rock plate generated deformation during the rock cutting process, cutting force increased with time until the maximum was reached. However, when the rock plate was cut down by the conical pick, the cutting force declined abruptly to zero. It can be seen the cutting force of granite, sandstone-1, and sandstone-2 has fluctuation after the peak cutting force, but the cutting force of marble decreases to zero directly. erefore, the rock plate with lower compressive strength is more likely to be broken.
To study the mechanical properties influencing cutting force, the peak cutting forces were identified for different rocks as presented in Table 2 . Among all rocks, the peak cutting force of marble is the smallest with 1.398 kN; meanwhile, the peak cutting force of sandstone-2 is the biggest with 2.546 kN. e peak cutting force of sandstone-1 is 1.656 kN, basically the same with the simulation results; therefore, the simulation result of cutting peak force is reliable. e relationship between peak cutting force and UCS of rock is illustrated in Figure 10 . It can be seen from the experimental curve that with the increased compressive strength, the peak cutting forces raised significantly.
Physical Size of Rock Plate Influencing Cutting
Performance. To investigate the width of the rock plate influencing cutting force, experiments were carried out at a height of 200 mm, thickness of 20 mm, and widths of 200 mm, 300 mm, 400 mm, and 500 mm. e cutting results with different widths of the rock plate are presented in Figure 11 . It is obvious that the rock plate fractured integrally and the fracture characteristic was the same as that in Figure 8 . erefore, plate width has a little impact on the results of rock fragment. e peak cutting forces are relatively stable at the widths of 300 mm to 500 mm. However, when the width decreased to 200 mm, peak cutting force increased obviously, as presented in Figure 12 . It can be attributed to that when the width of the rock plate decreased, the bending strength increased. In detail, the rock plate was hard to deform when the width reduced to a lower level. As a result, the conical pick bore greater resistance.
In general, only at the lower width, the peak cutting force varied greatly. Relatively, at the higher width, the peak cutting force keep stable or change little, as shown in Figure 13 . erefore, in engineering application, it is not necessary to obtain the extremely wide rock plate, as long as it reaches a certain value.
As presented in Figure 14 (a), the cutting results at a thickness of 20 mm, height of 160 mm, and width of 500 mm consistent with Figure 8 . However, when the height decreased to 80 mm, as presented in Figure 14(b) , the rock fracture morphology obviously differed from that shown in Figure 8 . In detail, only half of the rock plate with a height of 80 mm was fractured and the other half remained on the base rock. e experimental results of cutting force at a width of 500 mm, thickness of 20 mm, heights of 80 mm, 120 mm, 160 mm, and 200 mm are presented in Figure 15 . By comparison, the maximum peak cutting force is acquired at a height of 80 mm with 2.663 kN. For widths of 120 mm, 160 mm, and 200 mm, the peak cutting forces are 2.403 kN, 2.166 kN, and 2.120 kN, respectively. It is due to the higher height of the rock plate, the distance is higher between the conical pick and the bottom of the rock plate. To achieve the same bending moment at the rock plate bottom edge, lower height required higher cutting force. e difference of experimental results between 160 mm and 200 mm is very small, almost identical. According to Figure 16 , with the raising height, the cutting forces reduced and then tended to be steady. erefore, the lower height is a disadvantage to rock plate cutting: it obviously increased the cutting force, Figure 14 : e experimental results for rock plates with different widths. Figure 17 . For the lower thickness of 16 mm, the fracture characteristics are similar to those in Figure 8 . Great changes appeared for the higher thickness of 30 mm as presented in Figure 17 (b), and part of the left rock plate remained on the base rock. As a result, the crushing area became smaller. e cutting force obtained from the experiment for rock plates with different thicknesses are shown in Figure 18 , and it can be seen that the interval between the curves is clear and the peak cutting forces are significantly different. e maximum and minimum peak cutting forces are obtained at thicknesses of 30 mm and 16 mm, respectively, because the flexural strength enhanced with the enlarging thickness. Correspondingly, the cutting force increased steadily, as shown in Figure 19 . From the varied amplitude of peak cutting force at different thicknesses, it can be concluded that the influence of thickness on peak cutting force is greater than that of width and height.
Cutting Depth
Influencing Cutting Performance. In this paper, the cutting depth was defined as the distance from the top face of the rock plate to the cutting position of the conical pick. In the previous paper, the cutting depth of all experiments was 20 mm. To research the influence of cutting depth on cutting performance, the experiments were conducted at 4 mm, 36 mm, and 45 mm. e experiment results at cutting depths of 36 mm and 45 mm, as shown in Figure 20 , are obviously different from those in Figures 8,  11, 14, and 17 . At the higher cutting depth, only half of the rock plate was broken, and the other half was intact. Moreover, greater cutting force was caused by the higher cutting depth, as show in Figure 21 according to the experiment. erefore, higher cutting depth was not conductive to rock plate fragmentation. With the increase in cutting depth, the cutting force increased, as presented in Figure 22 . e conical pick was closer to the bottom edge of the rock plate at higher cutting depth. In order to obtain the same bending moment with lower cutting depth, greater cutting force was required at higher cutting depth. Consequently, higher cutting depth should be prevented. On the contrary, the next research idea was suggested by this situation. e two sides free and two sides constraint rock plate was obtained. It is essential to study the rupture characteristics of the rock plate under such constraint.
Confining Pressure Influencing Cutting Performance.
Many deep roadways are below the horizontal line of 1000 meters [32] . Lateral rock pressure has a certain influence on rock strength and then influence on cutting force. e simulation results at confining pressures of 1 MPa and 4 MPa are shown in Figure 23 . More cracks generated and the size of rock fragments decreased when confining pressure increased to 4 MPa. erefore, more fragments were obtained at a higher confining pressure. Originally, peak cutting force increased with the increasing lateral pressure; when it reached to the maximum at a lateral pressure of 2 MPa, it began to decrease with the increasing lateral pressure, as shown in Figure 24 .
3.6. Relationship Analysis. As illustrated in Figures 10, 13 , 16, and 19, an exponential relationship emerged between UCS, physical parameters of the rock plate, and peak cutting forces. Similarly, the peak cutting force and cutting depth also have an exponential relationship, as presented in Figure 22 . Besides, as seen in Figure 24 , the peak cutting force and confining pressure have a binomial relationship. e regression analysis results are summarized in Table 3 . e correlation coefficients of 0.9998, 0.8643, 0.9905, 0.9915, 0.9953, and 0.9981 demonstrates close relationships between peak cutting forces and cutting parameters. e confidence factor is a significant criterion for evaluating reliability of regression analysis results [33] . e confidence level of all numerical fittings in this paper is 0.95, which requires the prob(P) value greater than F value in statistics be less than 0.05; only in this way, the result is credible and has a significant difference. When the prob value is less than 
Conclusion
A rock cutting method was proposed to overcome pick wear encountered in roadway tunneling. Rock cutting test beds were built for the purpose of research the cutting performance of the new cutting method. Both the experiments and the numerical simulations were carried out. A 3D FEM, which combines damage constitutive and erosion failure, was employed in this paper to study the rock plate cutting process. e main conclusions are as follows:
(1) e rock plate cutting process is presented in detail through the interaction model between the conical pick and the rock plate. During simulation, cracks generated and propagated and rock fragments separated from the base rock. Meanwhile, the fracture and peak cutting force obtained in numerical simulation were basically the same as that obtained in the experiments. erefore, the 3D FEM is an effective method to simulate crack generation and fragment separation.
(2) e main fracture processes of the rock plate are as follows: (a) a main crack generated at the cutting position of the conical pick; (b) it then broke at the intersection between the fixed and free boundaries; and (c) with the displacement of the conical pick, the cracks expanded and the rock fragment separated from the base rock. (3) Two main types of cracks appeared in the rock cutting experiment, one is the radial cracks generated from the cutting position, and the other is close to the circular arc along with the rock plate edge.
Higher width and height are beneficial not only to fragmentation but also to cutting force. (4) Peak cutting force variation was remarkable with the rock plate physical size and cutting parameters. e experimental results demonstrated that with the increased thickness and compressive strength of the rock plate, peak cutting force increased obviously. In contrast, peak cutting force reduced and then remained steady with the width and reduced with the height. Besides, the numerical simulation indicated that the peak cutting fore increased and then decreased with the confining pressure. (5) e correlation coefficient achieved by fitting shows that close relevance exists between peak cutting forces and parameters. At the confidence level of 0.95, the P values obtained in regression analysis were all in accordance with the statistical requirement; hence, the fitting results were credible.
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